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Abstract: Stable carbon isotope analyses of vertebrate hard tissues such as bones, teeth, and tusks pro-
vide information about animal diets in ecological, archeological, and paleon- tological contexts. There
is debate about how carbon isotope compositions of collagen and apatite carbonate differ in terms of
their relationship to diet, and to each other. We evaluated relationships between ￿13Ccollagen and
￿13Ccarbonate among free-ranging southern African mammals to test predictions about the influences of
dietary and physiological differences between species. Whereas the slopes of ￿13Ccollagen– ￿13Ccarbonate
relationships among carnivores are ￿1, herbivore ￿13Ccollagen increases with increasing dietary ￿13C at
a slower rate than does ￿13Ccarbonate, resulting in regres- sion slopes >1. This outcome is consistent
with predictions that herbivore ￿13Ccollagen is biased against low protein diet components (13C-enriched
C4 grasses in these envi- ronments), and ￿13Ccarbonate is 13C-enriched due to release of 13C-depleted
methane as a by-product of microbial fermentation in the digestive tract. As methane emission is con-
strained by plant secondary metabolites in browse, the latter effect becomes more pronounced with higher
levels of C4 grass in the diet. Increases in ￿13Ccarbonate are also larger in ruminants than nonrumi-
nants. Accordingly, we show that Δ13Ccollagen-carbonate spacing is not constant within herbivores, but
increases by up to 5 ‰ across species with different diets and physiologies. Such large variation, often
assumed to be negligible within trophic levels, clearly cannot be ignored in carbon isotope-based diet
reconstructions.
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southern	 African	mammals	 to	 test	 predictions	 about	 the	 influences	 of	 dietary	 and	
physiological	 differences	 between	 species.	 Whereas	 the	 slopes	 of	 δ13Ccollagen–














gible	 within	 trophic	 levels,	 clearly	 cannot	 be	 ignored	 in	 carbon	 isotope-	based	 diet	
reconstructions.
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1  | INTRODUCTION




Sealy,	 2013).	 Indeed,	 the	 approach	 provides	 arguably	 the	 most	 di-
rect	evidence	for	diet	and	habitat	use	among	fossil	animals.	For	this	
purpose,	 two	 phases	 of	 skeletal	material	may	 be	 analyzed:	 the	 col-
lagen	 (protein)	 or	 carbonate	 (mineral	 apatite)	 phase,	 either	 from	
bone	or	from	teeth	(typically	using	dentine	for	the	former,	and	tooth	
enamel	 for	 the	 latter).	Whereas	collagen	 typically	degrades	within	a	
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few	thousand	years	after	death,	depending	on	climatic	and	environ-
mental	conditions,	structurally	bound	carbonates	 in	enamel	undergo	




Harris,	 &	 Leakey,	 2005;	 Fricke,	 Rogers,	 Backlund,	 Dwyer,	 &	 Echt,	
2008;	Lee-	Thorp,	2000;	Sealy	&	van	der	Merwe,	1985;	Tütken,	2011).	
The	 carbon	 in	 collagen,	 however,	 represents	 a	 different	 component	
of	the	diet	than	that	of	carbonates,	and	the	two	phases	are	thus	not	






The	 stable	 carbon	 isotope	 compositions	 of	 consumer	 collagen	
and	carbonates	(δ13Ccollagen	and	δ
13Ccarbonate)	are	usually	more	or	less	













1993;	 Howland	 et	al.,	 2003;	 McMahon,	 Fogel,	 Elsdon,	 &	 Thorrold,	






ular	 are	 13C-	depleted	 relative	 to	 other	 biochemical	 carbon	 sources	
(Tieszen,	Boutton,	Tesdahl,	&	Slade,	1983),	and	therefore,	a	lipid-	rich	
diet	 is	expected	 to	 lead	 to	 low	δ13Ccarbonate	values.	This	observation	
has	often	been	invoked	to	explain	why	Δ13Ccollagen-carbonate	spacing	in	
carnivores	is	only	~4	‰,	much	lower	than	in	herbivores,	as	carnivores	


























is	 in	 the	 form	of	 13C-	enriched	CO2,	 some	of	which	 is	 resorbed	 into	
body	fluids	which	may	further	enrich	body	fluid	bicarbonate	and,	ulti-
mately,	δ13Ccarbonate	values	(Hedges,	2003;	Passey	et	al.,	2005).






more	 strongly	 related	 to	δ13C	values	of	dietary	proteins,	 supporting	
the	diet-	based	model	for	observed	spacing	patterns.	However,	other	
controlled	 feeding	 experiments	 found	 differences	 in	 δ13Cdiet-carbonate 








the	 different	 diet-	δ13Ccarbonate	 and	 δ
13Ccollagen–δ
13Ccarbonate	 relation-


















Mammalian	 herbivores	 are	 a	 diverse	 group	 of	 animals	 with	 an	
array	 of	 diets	 and	 digestive	 physiologies	 that	 makes	 them	 suitable	
for	testing	diet-	and	physiology-	based	predictions	about	δ13Ccollagen–
δ13Ccarbonate	 relationships	 in	 free-	ranging	 situations.	 Across	 species,	
diets	are	distributed	along	a	browser-	grazer	continuum,	depending	on	
whether	diets	are	predominantly	dicot	or	grass	based	(Clauss,	Kaiser,	









n Median (IQR) n Median (IQR) n Median (IQR)
Herbivores:	ruminants
Aepyceros melampus 45 25 −15.6	(−16.8	to	−14.8) 3 −8.2	(−8.3	to	−6.8) 3 9.9	(8.5	to	
10.2)
Alcelaphus buselaphus 75 23 −8.8	(−9.7	to	−8.4) 11 1.0	(0.4	to	1.4) 11 10.2	(10.0	to	
10.6)
Alcelaphus lichtensteinii 95 3 −6.2	(−6.5	to	−6.2) 3 1.1	(0.1	to	1.4) 3 7.3	(6.3	to	7.8)
Antidorcas marsupialis 33 60 −18.3	(−20.3	to	−16.7) 33 −9.6	(−11.1	to	−7.9) 28 8.1	(6.1	to	
10.1)
Cephalophus natalensis 1 1 −21.5	(−21.5	to	−21.5) 1 −13.6	(−13.6	to	−13.6) 1 7.9	(7.9	to	7.9)
Connochaetes gnou 81 55 −9.3	(−10.1	to	−8.2) 12 0.6	(−0.1	to	1.9) 12 10.1	(9.3	to	
10.7)




90 17 −9.1	(−10.1	to	−9.0) 11 1.9	(0.5	to	2.4) 11 11.3	(10.6	to	
11.9)
Giraffa camelopardalis 0 7 −21.4	(−21.8	to	−20.5) 5 −13.3	(−16.0	to	−13.0) 5 8.4	(5.8	to	8.4)
Hippotragus equinus 85 4 −8.6	(−9.5	to	−8.4) 3 1.6	(0.2	to	1.9) 3 10.8	(8.7	to	
12.2)
Hippotragus niger 85 3 −7.3	(−8.5	to	−7.2) 1 2.1	(2.1	to	2.1) 1 9.4	(9.4	to	9.4)
Kobus ellipsiprymnus 84 6 −8.2	(−8.7	to	−7.6) 6 1.9	(1.2	to	2.5) 5 10.1	(8.6	to	
11.1)
Oryx gazella 75 21 −10.9	(−12.2	to	−9.0) 14 −1.7	(−2.6	to	−1.1) 12 9.9	(8.4	to	
10.6)
Ourebia ourebi 90 1 −13.7	(−13.7	to	−13.7) 1 0.7	(0.7	to	0.7) 1 14.4	(14.4	to	
14.4)
Raphicerus campestris 34 10 −20.3	(−21.4	to	−19.2) 9 −11.9	(−12.8	to	−10.8) 9 8.6	(8.1	to	
10.4)
Raphicerus melanotis 30 3 −20.3	(−20.8	to	−20.3) 3 −14.7	(−14.9	to	−14.3) 1 5.6	(5.6	to	5.6)
Redunca arundinum 94 13 −8.1	(−9.9	to	−7.4) 10 1.4	(−0.1	to	2.6) 10 10.3	(8.3	to	
10.9)
Sylvicapra grimmia 12 17 −20.9	(−21.7	to	−20.1) 15 −13.8	(−14.2	to	−12.3) 12 7.2	(5.7	to	7.7)
Syncerus caffer 78 15 −9.3	(−13.2	to	−9.0) 9 1.0	(−0.3	to	1.5) 9 10.2	(8.7	to	
11.4)
Tragelaphus angasii 20 10 −16.7	(−17.6	to	−16.4) 9 −10.1	(−11.3	to	−9.5) 9 6.6	(6.1	to	7.2)
Tragelaphus oryx 50 21 −19.4	(−20.8	to	−18.4) 11 −10.6	(−11.8	to	−10.4) 11 8.4	(7.9	to	9.1)
Tragelaphus scriptus 10 17 −22.3	(−23.1	to	−21.1) 20 −14.4	(−15.6	to	−13.9) 13 6.9	(6.0	to	8.2)
Tragelaphus 
strepsiceros
15 38 −20.6	(−21.9	to	−19.7) 14 −11.7	(−12.8	to	−10.0) 10 7.4	(6.1	to	8.3)
Herbivores:	non-	ruminants
Ceratotherium simum 98 9 −8.5	(−9.0	to	−6.1) 3 0.5	(−5.4	to	0.8) 3 9.4	(8.6	to	9.5)
Diceros bicornis 5 6 −21.5	(−21.7	to	−21.4) 3 −14.7	(−15.2	to	−13.7) 3 7.5	(6.6	to	7.9)
Equus quagga 90 51 −10.4	(−11.6	to	−9.6) 14 0.6	(0.0	to	1.2) 14 10.0	(7.8	to	
11.3)
Equus zebra zebra 95 8 −10.7	(−11.7	to	−9.5) 1 −2.0	(−2.0	to	−2.0) 1 7.7	(7.7	to	7.7)
Hippopotamus 
amphibius
95 8 −11.2	(−13.3	to	−10.3) 7 −4.3	(−5.2	to	−2.8) 7 8.3	(7.7	to	9.2)
Phacochoerus 
aethiopicus
95 2 −12.5	(−12.8	to	−12.1) 2 −6.2	(−6.7	to	−5.6) 2 6.3	(6.2	to	6.5)
(Continues)
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&	Hummel,	2008;	Codron	et	al.,	2007;	Hofmann,	1989).	Browse	typ-
ically	 has	 a	 higher	 protein	 content	 than	 grass	 (Codron,	 Lee-	Thorp,	
Sponheimer	 &	 Codron,	 2007a;	 Meissner,	 Zacharias,	 &	 O’Reagain,	




Hence,	 we	 expect	 differences	 between	 δ13Ccollagen	 and	 δ
13Ccarbonate 
to	emerge	at	 the	C4	 (lower	dietary	protein)	end	of	 the	scale,	 result-






Sponheimer,	 et	al.,	 2012;	Codron,	Codron,	 et	al.,	 2012).	 Similar	 pat-
terns	are	also	expected	based	on	physiology,	as	grass-	based	diets	are	
associated	with	 greater	 levels	 of	methanogenesis	 because	methane	
production	is	reduced	by	secondary	plant	compounds	in	browse	such	





























n Median (IQR) n Median (IQR) n Median (IQR)
Phacochoerus africanus 95 43 −11.0	(−11.6	to	−10.3) 12 −0.4	(−2.0	to	−0.2) 11 8.8	(8.1	to	9.3)
Procavia capensis 5 10 −20.2	(−21.2	to	−19.1) 10 −9.9	(−12.0	to	−8.9) 10 9.5	(9.2	to	
10.1)
Carnivores
Canis mesomelas 4 −16.0	(−18.2	to	−13.3) 4 −9.4	(−12.6	to	−6.5) 4 5.4	(4.9	to	6.3)
Caracal caracal 8 −15.7	(−18.7	to	−13.8) 6 −11.2	(−14.3	to	−8.3) 6 4.8	(4.6	to	5.3)
Crocuta crocuta 1 −10.9	(−10.9	to	−10.9) 3 −4.3	(−5.8	to	−4.3) 1 3.5	(3.5	to	3.5)
Felis sylvestris 3 −13.6	(−16.3	to	−12.0) 3 −8.8	(−11.7	to	−6.9) 3 4.8	(4.6	to	5.1)
Genetta genetta 1 −13.2	(−13.2	to	−13.2) 1 −8.6	(−8.6	to	−8.6) 1 4.6	(4.6	to	4.6)
Leptailurus serval 2 −13.9	(−14.1	to	−13.7) 2 −11.1	(−11.1	to	−11.0) 2 2.9	(2.6	to	3.1)
Lycaon pictus 3 −11.7	(−11.9	to	−11.7) 3 −6.4	(−7.2	to	−5.9) 3 5.3	(4.7	to	5.8)
Otocyon megalotis 6 −17.5	(−19.5	to	−15.3) 6 −13.3	(−16.0	to	−10.3) 6 4.8	(4.0	to	5.0)
Panthera leo 14 −10.7	(−11.7	to	−9.5) 13 −5.9	(−7.7	to	−2.8) 10 3.6	(3.3	to	5.0)
Panthera pardus 14 −17.7	(−18.9	to	−12.3) 11 −12.8	(−14.1	to	−8.3) 11 4.3	(3.7	to	5.0)
Parahyaena brunnea 8 −11.0	(−11.9	to	−9.7) 8 −7.1	(−8.7	to	−5.7) 7 3.6	(2.2	to	4.1)
Proteles cristata 1 −13.3	(−13.3	to	−13.3) 1 −8.2	(−8.2	to	−8.2) 1 5.1	(5.1	to	5.1)
Vulpes chama 4 −14.0	(−14.9	to	−12.6) 4 −7.7	(−9.3	to	−7.0) 4 5.2	(3.9	to	6.2)
Omnivores
Hystrix africaeaustralis 3 −20.7	(−20.8	to	−20.7) 3 −15.6	(−16.1	to	−14.6) 3 5.0	(4.7	to	6.1)
Potamochoerus porcus 2 −19.1	(−19.7	to	−18.5) 2 −12.7	(−14.6	to	−10.8) 2 6.4	(5.1	to	7.7)
Xerus inaurus 1 −11.2	(−11.2	to	−11.2) 1 −5.0	(−5.0	to	−5.0) 1 6.3	(6.3	to	6.3)
Primates
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enamel,	respectively)	of	southern	African	mammals	living	in	various	bi-
omes	throughout	southern	Africa	(Codron,	Avenant,	Wigley-	Coetsee,	
&	 Codron,	 2017;	 Codron,	 Brink,	 Rossouw,	 &	 Clauss,	 2008;	 Codron,	
Lee-	Thorp,	 Sponheimer,	 de	 Ruiter,	 &	 Codron,	 2008;	 Codron,	 Brink,	
Rossouw,	&	Clauss,	Codron,	et	al.,	2008;	Lee-	Thorp	et	al.,	1989).	The	
sample	comprises	 individuals	 from	the	 “lowveld”	Savannah	 (n = 142),	
“highveld	 Savannah”	 (n = 160),	 “woodland”	 Savannah	 (n = 58),	 grass-
land	(n = 168),	and	Kalahari	(n = 131)	regions	in	the	C4-	dominated	in-
terior	of	southern	Africa	including	Malawi,	as	well	as	individuals	from	
the	Cape	coastal	(n = 35)	and	succulent	(n = 19)	regions,	and	the	Namib	
Desert,	Namibia	(n = 8)	(see	original	source	literature	and	online	sup-








in	 total,	 categorized	 across	 four	 trophic	 groups:	 herbivores	 (n = 40),	
carnivores	(n = 13),	omnivores	(n = 3),	and	primates	(n = 1)	(Table	1).
2.2 | Data analysis










To	 compare	 relationships	 between	 δ13Ccarbonate	 and	 δ
13Ccollagen 
across	 trophic	 groups	 (herbivores,	 carnivores,	 omnivores,	 and	 pri-
mates),	 we	 used	 reduced	 major	 axis	 (RMA)	 regression	 models.	We	
treated	δ13Ccarbonate	as	the	“response”	(y-	axis)	variable	to	be	consistent	
























































































































































































































































































































































































































































































































































































































































   Carnivore Herbivore Omnivore Primate
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applied	 to	 each	 trophic	 group	 (herbivores,	 carnivores,	 omnivores,	
and	primates)	 separately,	using	data	 for	all	 individuals,	 regardless	of	
taxon,	 for	which	both	δ13Ccarbonate	and	δ
13Ccollagen	data	are	available.	








(Fritz,	 Bininda-	Emonds,	 &	 Purvis,	 2009),	which	was	 then	 correlated	
to	our	data	using	 the	phyl.RMA	function	of	 the	R	package	phytools	
(Revell,	2012).












2000;	 Owen-	Smith,	 2013;	 Skinner	 &	 Chimimba,	 2005).	 Although	
carbon	 isotope	 studies	 have	 revealed	 differences	 between	 esti-
mated	%C4	 grass	 in	 the	diet	when	compared	with	data	 from	 field	
studies	 for	 several	 taxa	 (Cerling,	 Harris,	 &	 Passey,	 2003;	 Codron	
et	al.,	2007;	Sponheimer	et	al.,	2003),	due	in	part	to	differences	in	
habitats	 and	 spatiotemporal	 scales	 investigated,	 the	 broad	 agree-
ment	between	the	two	approaches	means	that	published	field	data	
provides	an	independent	dataset	that	is	well-	suited	to	our	purposes.	
We	 used	 GLMs	 to	 assess	 relationships	 between	 δ13Ccarbonate	 and	
δ13Ccollagen	with	%grass	in	each	species’	natural	diet	separately.	We	
also	included	a	term	describing	digestion	type	to	test	for	differences	
among	 ruminants	 (23	 species)	 and	 nonruminants	 (8	 species),	 and	
also	 the	 interaction	of	digestion	 type	with	%grass	 in	 the	diet.	We	
selected	the	best	fit	models	from	these	various	combinations	based	
on	the	small	sample	corrected	Akaike’s	Information	Criterion,	AICc,	
assuming	models	with	ΔAICc	 (AICc	 for	each	model,	 in	 turn,	minus	
the	lowest	AICc	among	all	candidate	models)	<2	are	best	supported	
by	 the	 data	 (Burnham	&	Anderson,	 2001,	 2002).	 Phylogenetically	
controlled	 analyses	 of	 these	 models	 were	 performed	 using	 phy-





3.1 | Comparison between teeth and bone
The δ13Ccollagen	of	tooth	dentine	collagen	was,	on	average,	1.3‰	±	1.97	
SD	 lower	than	that	of	bone	collagen.	Although	the	difference	is	sta-




carbonate	 differed	 by	 an	 even	 smaller	magnitude	 (0.8‰	±	2.15	 SD 
higher	in	tooth	enamel),	and	in	this	case,	the	difference	was	not	signifi-
cant	(t24	=	1.783,	p = .088).	Moreover,	there	was	no	consistent	trend	





Group n r2 p Intercept Slope Lambda
All	individuals




Carnivore 59 .8904 <.0001 4.0351	(2.8007	to	5.2696) 0.9700	(0.8886	to	
1.0589)




Primate 20 .8322 <.0001 5.4580	(1.8584	to	9.0576) 0.9982	(0.816	to	1.221)
Species	averages	(medians)




Carnivore 13 .7272 <.001 3.1508	(−1.1924	to	7.494) 0.8923	(0.6351	to	
1.2537)
Phylogenetically-	constrained	RMA
Herbivore 31 .9335 <.0001 11.0933 1.1670 0.0001
Carnivore 13 .7272 <.0001 3.1509 0.8923 0.0001
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dataset,	in	that	the	differences	were	not	correlated	to	δ13C	(Pearson’s	
r = .095,	 t28	=	0.507,	 p = .616	 for	 δ
13Ccollagen; r = .279,	 t22	=	1.361,	
p = .187	for	δ13Ccarbonate).	Thus,	combining	data	from	teeth	and	bones	




3.2 | Individuals with both collagen and 
carbonate data
There	 was	 a	 strong	 positive	 relationship	 between	 δ13Ccarbonate	 and	
δ13Ccollagen	in	all	four	trophic	groups	(Figure	1a).	Herbivores	showed	a	
higher	intercept	(10.692)	than	carnivores	(4.035),	reflecting	the	higher	










whereas	Δ13Ccarbonate-collagen	 spacing	 in	carnivores	 (and	primates)	was	
negatively	related	to	δ13Ccollagen,	these	relationships	were	positive	for	
herbivores	(and	also	for	omnivores,	although	the	small	sample	for	this	
group	makes	 it	 difficult	 to	 properly	 validate	 this	 finding;	 Figure	1b).	









Repeating	 the	above	analysis	at	 species	 level,	 that	 is,	using	species’	
median	 δ13Ccollagen	 and	 δ
13Ccarbonate	 values,	 yielded	 similar	 results	
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(Figure	2;	note	that	omnivores	and	primates	are	not	included	in	these	
analyses).	 Herbivores	 had	 a	 higher	 intercept	 than	 carnivores,	 and	
whereas	the	slope	for	herbivores	was	significantly	>1	(95%	CI	1.058	
to	 1.287),	 that	 of	 carnivores	was	 ≤1	 (Table	2).	 Similarly,	 herbivores	




The	 phylogenetically	 constrained	 analysis	 of	 these	 regressions	
revealed	 a	 very	 weak	 phylogenetic	 signal	 in	 the	 data	 (lambda	 ap-
proaching	0;	Table	2),	and	hence	similar	patterns,	with	a	slope	>1	for	
herbivores,	and	<1	for	carnivores.
3.4 | Relationships with field data
Relationships	 with	 (presumed)	 levels	 of	 C4	 grass	 in	 species’	 diets	
(using	 literature	 data	 derived	 from	 field	 observations)	were	 inves-
tigated	 to	explicitly	 test	 for	different	 influences	on	δ13Ccollagen	 and	
δ13Ccarbonate	 values	 among	 herbivores.	 Both	 sets	 of	 data	were	 sig-
nificantly	 and	 strongly	 related	 to	%grass	 in	 the	 diet,	 regardless	 of	
whether	phylogenetic	history	was	accounted	 for	 (Table	3).	 In	both	
cases	 (i.e.,	 GLM	 and	 PGLS),	 models	 that	 took	 into	 account	 differ-




(Figure	3b).	 Actually,	 in	 the	 latter	 instance,	 models	 including	 the	
interaction	between	diet	and	digestion	type	were	clearly	best	sup-




faster	 rate	 of	 increase	 in	 response	 to	 increasing	 levels	 of	 grass	 in	
the	diet.
4  | DISCUSSION
Relationships	 between	 mammal	 δ13Ccarbonate	 and	 δ
13Ccollagen	 values	
differ	across	trophic	levels,	not	only	in	terms	of	the	well-	known	dif-































K AICc ΔAICc r2(adj) K AICc ΔAICc r2 Lambda
δ13Ccollagen
%grass****	+	GIT	+	interaction 5 139.82 0.00 .8666 4 136.96 0.00 .8799 0.0001
%grass**** 3 139.93 0.11 .8561 2 137.47 0.51 .8561 0.0001
%grass****	+	GIT 4 140.43 0.60 .8561 3 137.78 0.82 .8657 0.0001
δ13Ccarbonate
%grass****	+	GIT*	+	interaction** 5 147.09 0.00 .8762 4 144.23 0.00 .8886 0.0001
%grass****	+	GIT 4 153.91 6.83 .8368 3 150.78 6.55 .8497 0.6419
%grass**** 3 155.37 8.28 .8261 2 150.31 6.08 .8363 0.7316
Δ13Ccollagen-carbonate	spacing
%grass**	+	GIT	+	interaction* 5 116.45 0.00 .3808 4 113.59 0.00 .4427 0.0001
%grass**	+	GIT 4 120.68 4.23 .2495 3 118.03 4.44 .2995 0.0001
%grass** 3 120.99 4.54 .2293 2 118.53 4.94 .2293 0.0001
r2(adj)	=	r2	adjusted	for	additional	parameters;	****p	<	.0001;	***p	<	.001;	**p	<	.01;	*p	<	.05	(model	structure	and	significance	of	each	effect	only	shown	in	
one	column	because	results	for	GLM	and	PGLS	are	virtually	identical).
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foregut	 fermenters	 (hippopotamus,	 Hippopotamus amphibius,	 in	 our	
dataset)	may	 produce	 CH4	 in	 amounts	 intermediate	 between	 rumi-
nants	 and	 hindgut	 fermenters,	 as	 previously	 shown	 for	 the	 pygmy	




Previous	 studies	 have	 found	 similar	 Δ13Ccollagen-carbonate	 spac-
ings	across	trophic	levels	as	observed	here,	but	generally	predicted	
this	 spacing	 to	be	constant	within	 trophic	 levels	 (Clementz,	2012;	
Clementz	et	al.,	2009).	Our	 results	 suggest	 this	 is	not	 the	case,	at	
least	for	mammal	herbivores,	in	which	variation	in	food	quality	and	
digestive	 physiology	 across	 species	 alter	 δ13Ccollagen–δ
13Ccarbonate 
relationships	 in	 such	a	way	 that	 spacing	does	vary,	and	 this	varia-
tion	can	be	of	considerable	magnitude.	Considering	only	taxa	with	
n > 5	 individuals,	 the	 lowest	 average	 (median)	 Δ13Ccollagen-carbonate 
spacing	in	our	data	occurred	in	the	nyala	Tragelaphus angasii	(n = 9,	
median	=	6.6‰,	 min–max	 range	=	5.4	 to	 9.5‰),	 and	 the	 largest	




spacing	 across	 species	observed	 in	 this	 study—about	 one-	third	of	
the	total	range	of	δ13C	values	in	the	system	within	a	single	trophic	
level—coupled	 with	 the	 fact	 we	 cannot	 yet	 differentiate	 specific	
effects,	 implies	 that,	wherever	 possible,	 both	materials	 should	 be	
analyzed,	 in	agreement	with	suggestions	of	Clementz	et	al.	 (2009)	
and	Froehle	et	al.	(2010).	Alternatively,	a	correction	factor/s	based	
on	 regression	models	 similar	 to	 those	 used	 in	 our	 study	 could	 be	
applied	to	either	source	of	data,	but	the	lack	of	independent	data	for	
diets	 in	many	cases	would	 limit	this	possibility.	For	 instance,	while	
our	use	of	literature	data	for	%grass	in	species’	diets	could	be	used	
to	 parameterize	 models	 for	 isotopic	 fractionation,	 this	 approach	
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within-	 as	 well	 as	 between-	species	 (Staerfl	 et	al.,	 2012;	 Van	 Soest,	
1994;	White	&	Lawler,	2002).	We	do	not	have	sufficient	data	for	any	
one	taxon	across	a	range	of	diets,	for	example,	sampled	across	several	




same	 time	 frames	and	 time	 scales,	 that	 is,	 seasonal	over	 several	de-















count	 for	 differences	 in	Δ13Ccollagen-carbonate	 spacing	 between	 trophic	
levels,	 and	 even	 within	 herbivores.	 Empirical	 data	 for	 compound-	
specific	isotope	compositions	of	Savannah	plants	are	needed.	More	so,	
however,	controlled	experiments	like	those	of	O’Connell	and	Hedges	
(2017),	 which	 explicitly	 test	 for	 diet-	linked	 physiological	 effects	 on	
spacing,	are	needed.	The	drawback	is	that	such	experiments	are	nec-
essarily	 long	term,	given	the	time	needed	for	bone	to	be	remodeled	
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